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Abstract
Plate heat exchangers are widely used for two-phase heat transfer in the industrial applications, and recently more atten-
tion has been paid to the plate heat exchangers with enhanced surface due to their better heat transfer performance. In this 
paper, the local condensation heat transfer coefficients are studied using R134a in a micro-structured plate heat exchanger. 
In order to obtain a more accurate prediction model, a series of measurements are conducted under various operating 
conditions. The mass flux of R134a varied from 47 kg/m2s to 77 kg/m2s, the saturation pressure in the condenser ranged 
from 6.32 bar to 8.95 bar, and the value of the heat flux was between 13 kW/m2 and 22 kW/m2. The local two-phase Nus-
selt number increases with the increase of the mass flux. As the saturation pressure increases, the local two-phase Nusselt 
number increase at the beginning of the condensation and decrease at the end of the condensation. However, the effect of 
heat flux on local heat transfer is irregular, due to the interaction of these parameters in the experiment. Comparing with 
the unstructured plate heat exchanger, R134a condenses faster at the beginning of the process in the micro-sturctured plate 
heat exchanger, and the local heat transfer performs better when the vapor quality is lower. Combing with the phenomenon 
that the overall heat flux in micro-structured plate is larger under the same working conditions, it shows that the overall heat 
transfer of the micro-structured plate is improved, but the local heat transfer uprades only at lower vapor qualities. A new 
correlation is developed, it predicts all the experimental data within the root mean square error 10%, and a new correlation 
for the waterside is suggested as well.
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Abbreviations
A	� Area (m2)
â	� Amplitude (m)
B	� Width (m)
cp	� Isobaric specific heat capacity (J/kg K)
d	� Diameter (m)
dh	� Hydraulic diameter (m)

G	� Mass flux (kg/m2s)
h	� Enthalpie (J/kg)
L	� Length (m)
ṁ	� Mass flow (kg/s)
p	� Pressure (Pa)
Q̇	� Heat flow (W)
q̇	� Heat flux (W/m2)
T	� Temperature (K)
x	� Vapor quality
Bo	� Boiling number
Co	� Convection number
Fr	� Froude number
Nu	� Nusselt number
Pr	� Prandtl number
Re	� Reynolds number
α	� Heat transfer coefficient (W/m2K)
δ	� Thickness (mm)
η	� Dynamic viscosity (Pa·s)
Λ	� Wavelength of plate (mm)
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φ	� Chevron angle of plate (°)
λ	� Thermal conductivity (W/mK)
ξ	� Pressure drop factor
ψ	� Area enlagement factor
ϕ	� Two phase multiplier
acc	� Accelebration
cal	� Calculation
con	� Condensation area
exp	� Experiment
fric	� Friction
g	� Gravity
het	� Heterogenic model
hom	� Homogenies model
i	� Number of lcal position, i = 1 ~ 9
j	� Number of segment, j = 1 ~ 8
l	� Liquid phase
m	� Mean
man	� Manifold
out	� Outlet
r	� Refrigerant
sat	� Saturation
sp	� Single phase
sub	� Subcooling area
sup	� Overheated area
tot	� Total
tp	� Two phase
v	� Vapor phase
w	� Waterside

1  Introduction

Plate heat exchangers (PHEs) have been widely used for 
industrial single-phase liquid-to-liquid heat transfer applica-
tions, such as pharmaceutical industry and chemical process-
ing, due to their good thermal performance, modest space 
requirement, easy accessibility to all areas, lower capital and 
operating costs as compared to shell-and-tube heat exchang-
ers. In the last 30 years, PHEs have also been increasingly 
used for two-phase heat transfer, particularly as evaporators 
and condensers in chillers and heat pumps as well as in pro-
cess engineering systems [1]. Therefore, the heat transfer 
performance on condensation for different refrigerants in 
the PHEs has been intensively researched experimentally. 
Yan et al. [2] measured the heat transfer coefficient of con-
densation and frictional pressure drop of R134a in a vertical 
PHE. The results showed that the heat transfer coefficient 
and pressure drop normally increase with the mass flux, a 
corresponding correlation was also proposed. Jokar et al. 
[3] studied the heat transfer coefficient and pressure drop 
during condensation of R134a using two brazed PHEs, 
empirical correlations for this type of PHEs were devel-
oped, plotted and compared with relevant published results. 

Garcia-Cascales et al. [4] carried out a set of evaporation 
and condensation tests, in which R22 and R290 were used 
as the working fluids for condensation. The results were 
compared with the correlations of Yan et al. [2], Kuo et al. 
[5], Han et al. [6], Thonon and Bontemps [7] and the modi-
fied correlation of Shah [8]. Mancin et al. [9] developed a 
computational procedure for heat transfer on condensation 
in PHEs, which was combined with gravity dominated and 
shear controlled condensation. The model was further vali-
dated by the experimental data from three PHEs with varied 
geometrical characters. Longo and his co-workers conducted 
a great deal of experiment on condensation heat transfer in 
brazed PHE with diverse refrigerants, namely R134a[10, 
11], R410a [12], isobutene, propane and propene [13], 
R236fa [14], R1234yf [15], R1234ze [16] and R152a [17]. 
A detailed review of earlier research work and a discussion 
on the thermal–hydraulic performance of condensation in 
PHEs can be found in the book by Wang et al. [18]. A survey 
of correlations for heat transfer and pressure drop for con-
densation in PHEs is given by Eldeeb et al. [19]. Recently, 
Tao and Ferreira [20] assess eight heat transfer correlations 
and six frictional pressure drop correlations for condensation 
in PHEs with the database. They found that the correlation 
from Longo et al. [21] matches well with most available 
measurement data, they also developed a new correlation for 
friction pressure drop using multi-variable regression analy-
sis with non-dimensional numbers, which predicted 87.5% 
of the available experimental data within 50%.

In order to improve the heat transfer performance fur-
ther, the PHEs with an enhanced surface have been a topic 
of research in recent years. However, conventional meth-
ods such as the further development of embossing geom-
etries and materials in PHEs are now reaching their limits 
in terms of their improvement potential. A new approach 
is the targeted development of surfaces, the properties of 
which favor the phase change on both a macroscopic and 
microscopic level. The advancing development of manu-
facturing processes in the nano- and microscale area ena-
bles an increasingly sophisticated integration of micro-
structures on technical surfaces. Many researches prove 
that these microstructures are not just about increasing 
the heat transfer area, they ensure a greater promotion in 
heat transfer with a small pressure drop penalty [1]. Dur-
ing condensation, there is often an uneven wettability of 
the surface in two-phase flow region, but poor wetting is 
required to maintain the droplet condensation, the drain-
age of the condensate can be more likely to result in well-
wetting areas, therefore, microstructure is advantageous 
to improve this imbalance, it has a major influence on the 
formation of drops and help maintain droplet condensation 
for longer. In addition, the microstructure also influences 
other relevant mechanisms in heat transfer. The surface 
force is the main influence for characteristic lengths in 
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the range of capillary lengths, as is the case with micro-
structures, it can lead to deviating flow patterns such as an 
earlier onset of plug flow [22]. Different processes are used 
to produce microstructures on technical surfaces, such 
as sandblasting, coating, lithographic process and laser 
structuring. In general, two types of microstructures are 
used within for two-phase heat transfer so far: the crossed-
grooved and the grooved microstructure [1]. Nilpueng and 
Wongwises [23] compared the heat transfer coefficient and 
pressure drop of water flow inside a PHE with a rough sur-
face and another one with a smooth surface. It was found 
that the growth in surface roughness yielded an increase 
in heat transfer coefficient between 4.5% and 18% and an 
increase in pressure drop between 3.9% and 19.2% with 
respect to a smooth surface. Longo et al. [1] presented 
an experimental work using a crossed-grooved surface to 
study the evaporation and condensation inside the PHE. It 
indicated that the crossed-grooved surface gave a rise in 
the heat transfer coefficient from 30 to 40% in evaporation 
and up to 60% in condensation compared to the smooth 
surface PHE.

In this work, a series of measurements are conducted at 
the Institute for Thermodynamics, Leibniz University Han-
nover, where a PHE with micro pits is applied as a condenser 
to measure the two-phase local heat transfer coefficient of 
R134a. After data reduction, the influence of mass flow, 
saturation pressure and heat flux on the two-phase local 
heat transfer will be investigated, and the heat transfer per-
formance will be compared with data from the unstructured 
PHE measured in previous work in the Institute [24]. As a 
result, a new correlation to determine the two-phase local 
heat transfer coefficient will be presented.

2 � Experimental setup

The experimental system, seen and sketched in Fig. 1, con-
sists of two main loops: the refrigerant loop and the second-
ary fluid loop. In this work, the refrigerant is R134a, the 
reason for selecting this refrigerant is that it has already been 
widely studied by a lot of researchers, a large amount of data 
can be used for comparison and analysis in this work. The 
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Fig. 1   Schematic diagram of experimental setup
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secondary fluids are water and water-ethyleneglycol mixture 
in condenser and evaporator, respectively.

In the refrigerant loop, the liquid R134a having high pres-
sure is led through an expansion valve. After partial evapo-
ration the two-phase R134a enters into a seperator where 
liquid and vapor are seperated. Low pressure liquid flows 

into the evaporator, in which R134a is heated by the water-
ethyleneglycol mixture. The evaporator can be operated as 
a convectional natural cycle in a flooded, gravity driven 
thermosyphon mode or as a forced convection cycle using 
a magnetic driven pump. By switching the cycle mode the 
refrigerant loop can be controlled in a wide range on behalf 

Fig. 2   (a) Configuration of the 
condenser plates; (b) Location 
of the thermocouples for local 
water (round icons) and wall 
(triangle icons) temperature
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of the mass flux, which is measured with a Krohne ultrasonic 
flow meter. The two-phase flow exiting from evaporator is 
again seperated in the seperator. In order to obtain an over-
heating, the saturated vapor from the seperator is heated by 
the R134a liquid coming from the condenser by means of 
an internal heat exchanger. After flowing into a compressor, 
the overheated low-pressure R134a vapor becomes not only 
high-pressure but also highly superheated vapor. The com-
pressor is a piston type F16/2051 compressor with 55 kW 
electric power max, provided by GEA Bock GmbH, to which 
two oil seperators are connected to help returning the oil that 
enters the circuit during compression. The vapor then circu-
lates through a desupheater, in which the vapors is reduced 
to about 2 K superheated. The vapor is condensated by the 
cooling water in a PHE with micro pits on the plates. Two 
sight-glasses are located at the inlet and outlet of the con-
denser, respectively. The state of R134a at the outlet of the 
condenser is controlled to be liquid by adjusting the opening 
of the expansion valve and flow rate of the cooling water, 
thus the degree of subcooling at the outlet is about 1–2 K. 
In the second fluid loop the cooling water is pumped from a 
tank, and heated within the condenser. The water is cooled 
back down by external cooling water first, then it exchanges 
heat with the water-ethyleneglycol mixture that is used as the 
heating medium in the evaporator. PT100 resistant thermom-
eters are used at the temperature measuring points shown 
in Fig. 1, the absolute pressures and pressure difference are 
measured by piezoresistive sensors. Flow rate of the second-
ary fluids are measured by electromagnetic flowmeters.

The condenser to be tested is a countercurrent indus-
trial PHE with micro pits on Titanuim plates provided by 
the EcoFlex series by Kelvion PHE GmbH. It consists of 4 
refrigerant channels and 5 secondary fluid channels formed 
by 10 plates as shown in Fig. 2(a). The plates with two dif-
ferent chevron angles are arranged alternately, the second-
ary fuild temperature (round icons) and wall temperature 
(triangle icons) are measured with K-type thermocouples 

in order to determine quasi local heat transfer coefficient. 
The thermocouples are located on the water side (round 
icons) along the plate as shown in Fig. 2(b), those for wall 
temperatures (triangle icons) are arranged on the adjacent 
water channel in order to avoid interference of too many 
thermcouples. The temperature profile of these two water 
channel is considered equal. Table 1 lists the accuracy of the 
sensors, the uncertatinty of temperature and pressure sensors 
is related to measured value based on the callibration, while 
the uncertainty of flow meter is related to full scale.

The geometry of the plate is given in Fig. 3, and its geo-
metrical parameters are listed in Table 2. Microstructures, 
which are micro pits in our case, are produced by using a 
rolling process on the plate surface. The microstructure is 
applied to the plate using a specially treated roller press. 
This procedure is done before another press creates the 
corrugated wave structure. The roller acts like a stamp and 
presses the microstructure homogeneously into the mate-
rial, the resulting structure consists of oval elevations with 
a height of about 25 µm (as shown in Fig. 4), the detailed 
information refers to the work by Polzin et al. [24]. This 
concave microstructure is mainly designed for evaporators. 
In this work, it is used to study its effect on condensation. 
In addition, since the surface of the plate is not attacked as 
with a laser or an electrode treatment, this method avoids 
the problem of detaching micrometer-sized particles from 
the surface of the plate. For the secondary fluid side, there 
is no microstructure.

For the local temperature measurement, the head of 
the thermocouples are bended into the mainstream of the 
fluid channel, and the wire is welded on the plate a few 
millimeters below the head. Due to the titanium material 
(grade 1, material No. 3.7025), direct soldering of the ther-
mocouples is not possible. Titanium always forms a thin 
oxide layer in an air atmosphere, which must be removed so 
that the solder can bond with the titanium. After removing 
the oxide layer, a coating with copper, silver or nickel is 

Table 1   Accuracy of sensors 
related to condenser

Sensor Type Uncertainty Range

Temperature PT-100  ± 0.04 K -50 – 250 ºC
Temperature K-type  ± 0.061 K -200 – 1300 ºC
Absolute pressure
at inlet

Piezo resistive (IMP 321, ICS Schneider),
stainless steel membrane

 ± 74 Pa 0 – 15 bar

Absolute pressure
at outlet

Piezo resistive (DMU1, Afriso),
thick-film ceramic measuring cell

 ± 74 Pa 0 – 15 bar

Differential pressure 2-piezoresistive (IDM 331),
stainless steel membrane

 ± 21 Pa -1 – 1 bar

Mass flow of R134a Turbine (Model HM 013 E, KEM Küppers)  ± 0.1% 0.3–500 l/min
Mass flow of water Electromagnetic

(Proline Promag 53P, Endress & Hauser)
 ± 0.2% 0 – 9600 m3/h

Mass flow of water Electromagnetic
(Proline Promag 53P, Endress & Hauser)

 ± 0.2% 0 – 9600 m3/h
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recommended, which prevents the surface from oxidizing 
again and significantly improves wettability and adhesion 
[25]. Therefore, in this work, a special soldering technique 
is used, that is, a layer of nickel coating is applied selec-
tively to the desired positions by thermal spraying. For the 
wall temperature, the thermocouples are contacted with the 
plates by soldering them on the smooth surface, and fixed 
in the same horizontal position of the thermocouples for 
the secondary fluid. Because the uneven temperature dis-
tribution at the entry or exit of the triangle regions, i.e. the 
distributer and collector (seen in Fig. 3), two thermocouples 
are assigned to acquire meaningful local temperatures and 
to detect possible maldistribution.

3 � Data reduction

The calculation process for the heat transfer coefficient is 
based on the following assumptions: (1) Bassiouny model 
[26] is used to determine the mass flow distribution over the 
gap; (2) the heat loss on the outer surface of the condenser 
is negligible, because the saturation temperature of R134a 
in the test section is not much different from the ambient 
temperature. In order to calculate local heat transfer coef-
ficient, the plate is divided into 8 segments according to the 
positions of the thermocouples as shown in Fig. 2b.

In segment j, as shown in Fig. 5, the local heat flux is 
determined by the mass flow of water and the measured local 
temperatures, it is assumed that the heat transferred by the 
water is equally divided between the front plate and the rear 
plate:

According to the energy balance between R134a and the 
cooling water, the enthalpy of the refrigerant R134a at posi-
tion i + 1 is determined in the stationary case by:

(1)Q̇j = ṁwcp,w
(
Tw,i − Tw,i+1

)

(2)q̇j =
Q̇j

2Aj

(3)Aj =
Lp

6
Bp�

Fig. 3   Geometry of micro-structured plate

Table 2   Geometrical parameters of PHE

Total length Ltot 1.09 m

Length of plate without triple area Lp 0.72 m
Width of plate Bp 0.486 m
Chevron angle of plate φ (27° + 63°)/2
Diameter of port dport 0.155 m
Amplitude â 1.6 mm
Plate thickness δp 0.6 mm
Thermal conductivity of plate λp 21 W/m K
Wavelength of plate Λ 12 mm
Hydraulic diameter dh 5.5 mm
Area enlargement factor ψ 1.159

A - A

350µm

25µm

0.6mm

A

A

Fig. 4   Schematic diagram of micro structures on the plate

Table 3   Assessment of the thermodynamic state in a segment

Condition State of segment j

hr,i > h′′
r,i
, hr,i + 1 > h′′

r,i + 1
Overheated

hr,i ≥ h′′
r,i
, hr,i + 1 ≤ h′′

r,i + 1
Overheated and condensation

hr,i ≤ h′′
r,i
, hr,i + 1 ≥ h′

r,i + 1
Condensation

hr,i ≥ h′
r,i
, hr,i + 1 ≤ h′

r,i + 1
Condensation and subcooled

hr,i < h′
r,i
, hr,i + 1 < h′

r,i + 1
Subcooled
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Thus the temperature of R134a at position i Tr,i can be 
obtained combining with the calculation of local pressure 
described in Eq. (17, 18).

By comparing the calculated enthalpy with the saturation 
enthalpy at the same temperature or pressure, the thermody-
namic state of R134a in each segment is listed as shown in 
Table 3. Moreover, the vapor quality of R134a at each position 
is calculated as follows:

(4)hr,i+1 = hr,i −
Q̇j

ṁr

where h’r,i and h’’
r,i refer to saturated enthalpies of liquid 

and vapor phase at position i, respectively.The length of the 
two-phase area, Lcon, is determined by:

(5)xi =
hr,i − h

�

r,i

h��r,i − h
�

r,i

(6)Q̇supj = ṁr

(
hr,1 − hεr,i+1

)

(7)Lsup,j =
Q̇sup,j

Q̇j

Lj

Fig. 5   Schematic diagram of 
heat transfer process in seg-
ment j

Fig. 6   Influence of mass flux 
on the two-phase local Nusselt 
number
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where Lsup,j and Lsub,j are the length of the overheated area 
and subcooled area in segment j, respectively.

The local heat transfer coefficient for R134a and the 
cooling water are determined by the heat flux of segment 
j and the corresponding logarithmic mean temperature dif-
ference between the wall and the fluid:

The pressure drop has an obvious influence on the heat 
transfer performance of condensation, it consists of four 
parts: acceleration pressure drop Δpacc [27], gravity pres-
sure drop Δpg, the manifold pressure drop at the inlet and 
outlet Δpman and the friction pressure drop Δpfric. At the 
inlet and the outlet of the condenser, the manifold pressure 
drop occurs when the flow is deflected into each gap. It is 
calculated as following:

in which, the mass flux of R134a in the manifold Gman is 
calculated as Eq. (16).

The area of the manifold Aman is equal to 0.019 m2.For seg-
ment j, we have the overall pressure drop:

(8)Q̇
sub, j

= ṁ
r

(
hr,i − h�r,i+1

)

(9)Lsub,j =
Q̇sub,j

Q̇j

Lj

(10)Lcon = Ltot −
∑

Lsup,j −
∑

Lsub,j

(11)𝛼w,j =

q̇
j

ΔTw,j

(12)ΔTw,j =

(
Twall,i+1 − Tw,i+1

)
−
(
Twall,i − Tw,i

)

ln
Twall,i+1−Tw,i+1

Twall,i−Tw,i

(13)1

𝛼r,j
+

𝛿wall

𝜆wall
=

q̇
j

ΔTr,j

(14)ΔTrj =

(
Tr,i,+1 − Twall,i+1

)
−
(
Tr,i − Twall,i

)

ln
Tr,i+1−Twall,i+1

Tr,i−Twall,i

(15)Δpman = 1.4
Gman 2

2�man

(16)Gman =
ṁr

Aman

(17)pr,i − pr,i+1 = Δpacc,j + Δpg,j + Δpfric,j

The mean density of R134a in segment j is calculated based 
on the homogeneous model:

xj is the mean vapor quality of segment j, it is calculated 
as the arithmetic mean of xi and xi+1.

The friction pressure drop is created by the shear stress 
between the liquid and vapor as well as between the fluid 
and the wall. It must be calculated according to the status 
of the flow, i.e. the flow pattern. The Martin model [28] is 
used for a single-phase flow in the PHE, i.e., in the state of 
superheated or subcooled fluid:

Here the single-phase pressure drop coefficient ξsp,j is relate 
to the chervon angle φ and Reynolds number Re:

where Resp is the Reynolds number of the single phase flow 
in segment j. It is calculated as:

The empirical constants a, b and c take different values 
under different experimental conditions and geometries of 
plates. Here we take a = 0.43, b = 1.86, c = 0.6, which is 
found by adapting our data.

The Grabenstein model [29] is used for the two-phase 
flow. This model is composed of two parts: a homogeneous 
flow contribution and a heterogeneous flow contribution.

(18)Δpacc,j = −
Gr 2

(
xi+1 − xi

)
�r,m,j

(19)Δpgj = �r,m,jgLj

(20)�r,m,j =

(
xj

�v,j
+

1 − xj

�1j

)
−1

(21)Δpfric,sp,j =
�sp,jG

2
r
Lj

2dh�r,m,j

(22)
1√
�sp,j

=
cos��

btan� + csin� +
�0

cos�

+
1 − cos�√

�1

(23)𝜉0 =

{
64

Resp,j
, Resp,j < 2000

(
1.8lgResp,j − 1.5

)−2
, Resp,j ≥ 2000

(24)𝜉1 =

⎧⎪⎨⎪⎩

a
�

597

Resp,j
+ 3.85

�
, Resp,j < 2000

a

�
39

Re0.289
sp,j

�
, Resp,j ≥ 2000

(25)Resp,j =
G2

r

(
1 − xj

)
dh

�sp,j
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The homogeneous model assumes that the flow veloci-
ties of the gas and liquid phase are approximately equal, 
thus there is no slip at the vapor–liquid phase boundary. The 
pressure drop using the homogeneous model is calculated 
as follows:

where the two-phase pressure drop coefficient ξtp,j is defined 
as:

The heterogeneous model was developed by Lockhart 
and Martinelle [30], in which two phases are considered 
separately, and a factor ϕl is introduced to calculate the fric-
tion pressure drop of the two-phase flow as compared to the 
liquid phase.

The friction pressure drop of the liquid phase Δpfric,l,j and 
the vapor phase Δpfric,v,j are calculated using Eq. (21), the 
empirical parameters Chom, nhom, and Chet are 255, -0.614 
and 0.905, respectively.

Therefore, the friction pressure drop in segment j is:

After calculation of the friction pressure drop of the 
segment, the local pressure at each position along the 
entire plate is obtained. Thus, the calculated pressure at 
the outlet is attained. A MATLAB program is applied 
to solve the above equations until the preset accuracy is 
reached by comparing the calculated outlet pressure with 
the measured outlet pressure.

In our previous work, through measurement, about 
0.08–0.25% by weight of the working fluid is substances 

(26)Δpfric,tp,j =
(
1 − xj

)
Δpfric,tp,hom,j + xjΔpfric,tp,het,j

(27)Δpfric,tp,hom,j =
�tp,jG

2
r
Lj

2dh�r,m,j

(28)�tp,j = ChomRe
nhom

(29)Δpfric,tp,het,j = xj�
2
l
Δpfric,l,j

(30)
�l = 1 +

Chet√
Δpfric,l,j

Δpfric,v,j

(31)Δpfric,j = Δpfric,sp,j + Δpfric,tp,j

(32)pcal,out = pr, i = 9 − Δpman,out

(33)Δpman,out = 1.4
Gr

2�r,man,out

(34)accuracy =
pcal,out − pexp,out

pexp,out

other than R134a, such as oil from the compressor and 
other particles in fittings that are not made of stainless 
steel [24]. This weight is small and ignored in this work. 
Therefore, the thermal physical properties of oil-free 
refrigerant R134a and pure water involved in the above 
equations are acquired by the REFPROP program from 
NIST.

An uncertainty analysis was carried out according to 
Moffat [31] for the determination of two-phase local heat 
transfer coefficients. The results show that the uncertainty 
of the condensation heat transfer coefficients is approxi-
mately 15%.

4 � Result and discussion

4.1 � Effect of operating conditions

A series of experiments on the condensation of R134a in a 
micro-structured PHE was conducted under various working 
conditions. The mass flux of R134a varied from 47 kg/m2s 
to 77 kg/m2s, the saturation pressure in the condenser ranged 
from 6.32 bar to 8.95 bar, and the value of the heat flux was 
between 13 kW/m2 and 22 kW/m2.

Figure 6 reveals the influence of mass flux on the two-
phase local Nusselt number Nutp at a heat flux of approxi-
mately 18 kW/m2 and a saturation pressure of 7 bar, when 
the dimensionless length Lj/L is equal to 1 and 0, it repre-
sents the single-phase heat transfer of superheated vapor at 
the inlet and the subcooled liquid at the outlet, which are 
calculated by Martin correlation. When Lj/L = 0.225 and 
the mass flux is 55 kg/m2s, Nutp is much lower than other 
two groups, this is because there is large amount of super-
heated vapor in this segment, where the vapor quality is 
0.935, R134a performs single-phase heat transfer first and 
then condensation starts. Overall, the increase in mass flux 
results in an increase in Nutp.

Figure 7 indicates Nutp at different saturation pres-
sures. The heat transfer coefficients at the saturation 
pressures of 6.7, 7.4 and 8.5 bar are compared in the case 
of the same heat flux of 16.9 kW/m2 and the same mass 
flux of 60 kg/m2s. Nutp increase with the increase of the 
saturation pressure when Lj/L < 0.4, this may be due to the 
fact that in this region, the higher temperature difference 
caused by the larger saturation pressure makes heat trans-
fer significantly enhanced. However, when Lj/L > 0.4, the 
heat transfer enhancement caused by the high saturation 
pressure thickens the liquid film and increases the ther-
mal resistance. When the hindrance of the liquid film is 
greater than the enhancement effect of the high saturation 
pressure, Nutp will decrease.

The variation of Nutp with the dimensionless length of 
the plate at the heat flux of 17.7, 18.2 and 19.3 kW/m2 
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are presented in Fig. 8, in which the mass flux is approx. 
65 kg/m2s and the saturation pressure is approx. 8.2 bar. 
No simple trends can be seen there. If the vapor quality 
is more than 0.3 (dimensionless length is less than 0.6), 
Nutp decreases with the heat flux increasing. However, the 

change is irregular at higher vapor qualities. The inter-
action of mass flux, saturation pressure and heat flux 
occurred during the measurement makes it difficult to 
change only one parameters and keep the other parameters 
constant. This means that when analyzing the effect of 

Fig. 7   Influence of saturation 
pressure on the two-phase local 
Nusselt number
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Fig. 8   Influence of heat flux 
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Fig. 9   Comparison of two-phase local Nu between the micro-structured plate and unstructured plate under six typical operating conditions
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one parameter on the two-phase local heat transfer coef-
ficient, the other two parameters float in a small range. 
This may lead to difficulties in drawing conclusions.

4.2 � Comparison with unstructured plates

As mentioned in Sect. 1, the micro-structured plate enlarges 
the heat transfer area and can help to improve the forma-
tion of drops compared to the unstructured plate. Figure 9 
shows six graphs of Nutp as a function of vapor quality for 
the micro-structured plate as compared to the “smooth” 
(unstructured) plate surface (as shown in Fig. 4(a)). The 
measurements with unstructured plate were conducted in 
our previous study [24]. Here, the mass flux of R134a and 
the cooling water, the saturation pressure and the inlet tem-
perature of the cooling water are chosen to be as consistent 
as possible. On the one hand, it is clear that Nutp of these 
two types of plate increases significantly with the increase 
of vapor quality, it can be concluded that the enhancement 
of two-phase heat transfer occurs in the area where con-
densation starts, where the liquid film on the wall is thin, 
so the thermal resistance is small. On the other hand, the 
heat transfer performance of the micro-structured plate is 
worse than that of the unstructured plate when the vapor 
quality is higher, i.e., at the beginning of the condensation. 
In detail, Nutp for the micro-structured case is lower than that 
of the unstructered (smooth) case from a vapor quality of 

approximately 0.38 for all the operating conditions studied 
in Fig. 9 except for case (b) where Nutp becomes lower from 
a vapor quality of 0.6. An explanation that can be given for 
this phenomenon is: at the beginning of condensation, the 
condensate liquid is filled into the depressions of the micro-
structured plate due to its small amount. The condensate has 
a lower flow velocity there because of the pin obstacles and 
the resulting liquid film increases the thermal resistance. 
Therefore, the local heat transfer performance is impeded. 
Instead, when the vapor quality is lower, condensation heat 
transfer becomes the main mechanism, the additional liquid 
film formed by the pits could be negligible relative to the 
thickness of the entire liquid film, and the influence of lami-
nar bottom layer is less compared with turbulent flow. There-
fore, the micro-structured plate behaves better on behalf of 
two-phase local heat transfer at lower vapor qualities.

Besides, it can be seen that at the beginning of the conden-
sation, since the temperature measurement of each segment is 
performed at the same position for the micro-structured plate 
and the unstructured plate, the vapor qualities of the micro-
structured plate at the same position are lower compared with 
the unstructured plate. In other words, the vapor condenses 
faster on the micro-structured plate.

Figure 10 compares the overall heat flux of the six groups 
in Fig. 9. It is clear that the micro-structured plate acquires 
higher heat flux. It can be concluded that the micro-struc-
tured plate has a better overall heat transfer performance 

Fig. 10   Comparison of heat flux 
between micro-structured plate 
and unstructured plate
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under the same operating conditions in comparison with 
unstructured plates. Combining the phenomenon at the 
lower vapor quality shown in Fig. 9, it is seen that heat trans-
fer performance of the plate with micro pits with only low 
vapor qualities is a function of vapor quality.

This experimental result is different from the results of the 
microstructure corrugated plate surface reported by Longo 
et al. [1]. They reported on a strong increase up to 60% in heat 
transfer for a crossed grooved surface, which is a convex struc-
ture that is different from the pits used in this work. Therefore, 

the geometric type of the microstructure seems to be very 
important in that it has to match the wetting behavior of the 
fluid on the surface. This does not fit well in our situation.

4.3 � A new correlation

Many researchers have described a variety of correlations of 
heat transfer coefficient in condensation in the literature. In 
this work, we compared the measured Nutp with the results 
of six correlation evaluations in the literature. In addition, 

Table 4   Original correlations from the existing literatures and optimized forms

Author Original correlation Optimized correlation RMSE

Yan et al. [2] Nu = 4.118Re0.4
eq
Pr

1∕3

l
Nu = 0.00157Re1.25

eq
Pr

1∕3

l
25%

Kuo et al. [5]
Nu = 0.2092Re0.78

lo
Pr

1∕3

l

(
�l

�l,wall

)0.14

...

...
(
0.25Co−0.45Fr0.25 + 75Bo0.75

)
Nu = 0.045Re0.97

lo
Pr

1∕3

l

(
�l

�l,wall

)1.7

...

...
(
0.076Co−0.68Fr0.1 + 500Bo1.03

)

15%

Shah [8] Nu = 0.023Re0.8
lo
Pr0.4

l
...

...

[
(1 − x)0.8 +

3.8x0.76(1 − x)0.04

Pr0.38

]
Nu = 0.002Re1.22

lo
Pr0.4

l
...

...

[
(1 − x)0.038 +

4.44x0.95(1 − x)0.15

Pr0.44

]
21%

Longo et al. [21] Nu = 1.875�Re0.445
eq

Pr
1∕3

l
Nu = 0.0014�Re1.25

eq
Pr

1∕3

l
25%

Würfel and Ostrowski [32] Nu = 3.2Re0.46
h

Pr0.33
l

Nu = 0.048Re0.7
h
Pr0.33

l
19%

Müller et al. [33] Nu = 0.15sin�Re0.5
eq
Pr0.4

l
Bd0.6p−0.2

r
�0.7 Nu =

1

9523.8
sin�Re1.25

eq
Pr0.4

l
Bd0.48p−0.75

r
�0.00055 24%
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Fig. 11   Comparison of two-phase local Nu by selected correlations with experimental data
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Fig. 12   Comparison of two-phase local Nu by optimized existing correlations with experimental data
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a new correlation of the two-phase local heat transfer coef-
ficient in the micro-structured PHE is derived after further 
analysis.

The correlations of Yan et al. [2], Kuo et al. [5], Shah [8], 
Longo et al. [21], Würfel and Ostrowski [32] and Müller et al. 
[33] of the type used clearly defined parameters to take Nu = f 
( Re, Pr …) as a simple form and correlated them to their 
own experimental data. The equations are given in Table 4. 
Although Shah’s correlation is theoretically derived from 
pipes, it is selected for comparison due to its wide applicabil-
ity. Figure 11 presents a plot showing the comparison between 
the calculated Nutp using the 6 selected correlations and the 
measured Nutp. It indicates that the deviations between experi-
mental values and calculated values for all the correlations 
involved are particularly large. In order to adapt the experi-
mental data to the correlations, the constants and exponents 
in the correlations are modified by use of the particle swarm 
solver, which is an optimization function provided by MAT-
LAB. The particle swarm optimization is a population-based 
stochastic algorithm. The search space is formed by setting 
the upper and lower limits of the variables to be modified. A 
particle is randomly selected as the initialization point from 
which the Root Mean Squared Error (RMSE) defined by 
Eq. (35) is temporarily determined as the optimal result. The 
next running particle circulates around the area centered on 
the best result. A lower value RMSE is determined as the new 
best result. Finally, the smallest RMSE and the corresponding 
optimal coefficients in a search space are obtained.

Figure 12 displays that the modification improves sig-
nificantly the agreement between the experimental and cal-
culated Nutp. All optimized correlation and their original 
forms are listed in Table 4. The correlation from Yan et al. 
[2] has the simplest structure, which is only a combina-
tion of the equivalent Reynold number Reeq and Prandtl 
number of liquid phase Prl, but the RMSE is 25%. The 
optimized correlation from Kuo et al. [5] has the small-
est RMSE (15%). However, the deviation of the three 
test points is larger than ± 30% as shown in Fig. 12(b), 
because the segments represented by these points are still 
in a thermodynamic transition state from superheating to 
condensation. Therefore, these three abnormal points are 
ignored in the optimization procedure. Thus, the optimized 
correlation derived from Kuo et al. is quite good for all 
experimental data that are completely in the two-phase 
condensation region.

Furthermore, the correlation of Kuo et al. [5] reveals 
that in addition to Reeq and Prl, there are three other influ-
encing parameters, namely convection number Co, Froude 
number Fr and boiling number Bo. The convection num-
ber Co represents the influence of the vapor quality; the 
Froude number Fr represents the ratio of inertia to gravity; 

(35)
RMSE =

�����
∑

n

�
acal−aexp

aexp

�2

n

Fig. 13   Comparison of two-
phase local Nu by experiment 
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the definition of boiling number Bo represents the dimen-
sionless heat flux, they are defined in Eq. (36), (37) and 
(38) respectively.

By combining the calculation with Reeq and Prl and con-
sidering these three parameters separately to check their 
contribution to Nutp, the correlation (Eq.39) was found to 
best match our experimental results.

Figure 13 reveals the comparison of the experimental 
results with the calculated results using the new correlation. 
The RMSE is approximately 10%, which is much smaller 
than other optimized correlations.

The waterside correlation is also obtained as shown in 
Eq. (40) using the method described above. Nevertheless, 
this correlation is only a suggestion due to the limitations 
of the experiment, in which the Reynolds number of cool-
ing water changes within a small range (2000 < Rew < 3000).

5 � Conclusion

An experimental investigation is carried out to study the 
two-phase local heat transfer of condensation in the PHE 
with micro-pits. The local temperatures of the water side 
and the wall are measured along the plate, and a calculation  
model is applied to determine the two-phase local heat transfer  
coefficient of R134a. The results are compared with the pre- 
vious experimental work, which uses an unstructured PHE  
with the same geometric parameters under the same working 
conditions, and a new correlation is developed based on the 
available correlations in the literature.

(1)	 The increase of mass flux leads to a significant improve-
ment in the two-phase local heat transfer performance. 
The high saturation pressure has a positive effect on 
Nutp at the beginning of the condensation, but Nutp 
decreases with the increase of the saturation pressure 
in the later stage of condensation. The effect of the heat 
flux on the two-phase local heat transfer is not regular, 

(36)Co =

(
�v

�l

)(
1 − x

x

)0.8

(37)Fr =
G2

�2
l
gdh

(38)Bo =
q̇

G
(
hv − hl

)

(39)Nutp = 29.327Re0.685
eq

Pr
1∕3

l
Bo0.76

(40)Nuw = 5.189Re0.202
w

Pr1∕3
w

since these three factors interact with each other in the 
experiment.

(2)	 Nutp increases as the vapor quality increasing in both 
micro-structured plates and unstructured plates. The 
enhancement of the two-phase local heat transfer for these 
two types of plates occurs at the entrance of the micro-
structured PHE, where the condensate seems to be thinner.

(3)	 Compared with the unstructured PHE, R134a in the 
micro-structured PHE condenses faster at the begin-
ning of the condensation process, while the heat trans-
fer performance is better in the areas with more liquid 
phase. Furthermore, the micro-structured plate could 
obtain a higher overall heat flux. Consequently, the 
micro-structured plate has better overall heat transfer 
performance, but only improves local heat transfer in 
low vapor quality areas.

(4)	 A new correlation of two-phase local heat transfer for 
the micro-structured plate condenser is developed as 
shown in Eq. (39), which is compared with the experi-
mental data and reaches a satisfactory agreement with 
a minimum RMSE of 10%. A new correlation for the 
water side is also recommended when the Rew is ranged 
from 2000 to 3000.
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